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FOREWORD

This report was prepared by The Harshaw Chemical Company, Crys tal-
Solid State Division under Contract NAS 3-6L6l for the NASA Lewis Research
Center. Dr. A. E. Potter and Mr. C. Swartz have served as Technical Ad-
visor and Project Manager respectively.

The Harshaw Solid State Laboratory is directed by Dr. J. M. McKenzie,
Technical Director. Project direction is provided by Mr. E. R. Hill with
Mr. J. C, Schaefer serving as Project Supervisor. The following Harshaw
Chemical Company personnel have contributed to this program: R. W. Olmsted,
R. J. Humrick and A. Hartzler.
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DEVELOPMENT OF OPTICAL COATINGS
FOR

CdS THIN FILM SOILAR CELLS

By J. C. Schaefer and E. R, Hill

SUMMARY
The apparatus for RF sputtering of dielectrics is operational and films
of glass have been deposited. Reflectance measurements indicate films in the
range of li microns thickness to show the desired infrared reflectance charac-
teristic. Work is underway to improve the deposited film thickness uniformity
and increase the deposition rate.
Oxygen is being added to the sputtering gas to reduce the stresses in the

deposited films.

INTRODUCTICN

The purpose of this program is to develop and apply optical coatings to
CdS solar cells for the purpose of increasing the power conversion efficiency.
It is desired to maximize the amount of light entering the cell in the region
of the spectrum where the cell is sensitive, reject all others, and reduce
the operating temperature of the cell in outer space. These conditions are not
all independent since a coating which reflects strongly in the infrared will
also reduce the emissivity in the region of maximum cell reradiation. The
objectives stated can be reached by developing a coating with a high trans-
mission to wave lengths less than about 1 micron, has a refractive index of
about 1.2 to 1.3 in this same range and absorbs relatively strongly (about
1073 to 10’h cm'l) in the range of 5 to 30 microns. These properties are
satisfied by ordinary glass and consequently has been the first material to

be investigated to any extent.



Other obvious properties to be desired are compatibility with the device,
mechanical and chemical stability, and resistance to environmental effects.
Additional, it is desirable to have the coating seal the cell from atmospheric
water vapor.

During the second quarter of the program a coating of Si0Oy possessing the
desired optical properties has been produced. Samples have been shipped to

the NASA, Lewis Research Center. Evaluation of the other properties remain.



RF SPUTTERING APPARATUS

The dielectric sputtering equipment is operating quite satisfactorily at

essentially the design conditions for the system. These are:

Ambient Pressure 5 x 107l Torr
Target to substrate spacing 6 cm

Power to target LOO watts

Target sputtering rate 2 x 1074 cm/hour
Target material Pyrex

Under these conditions films are being made for the determination of optical

and mechanical properties of the deposited glass films. With these same con-
ditions, any dielectric which can be prepared in the form of a thin sheet can

be used as the target and sputtered at essentially the same rate. This method
for the formation or deposition of films coffers distinct advantages over thermal
evaporation, particularly for the exploratory stages. For instance, dielectrics
such as glass are very difficult to evaporate since the molten glass reacts with
availlable crucible materials. Techniques such as electron beam melting can also
be used, but crucible attack is a problem. Thus, for thermal evaporation of
different dielectrics, the equipment must be altered for each material. In
sputtering, only the target material is changed. For this phase of the pro-
gram, then, sputtering is much more flexible.

A few engineering difficulties have been encountered in making the sput-
tering system operational. From the description of operation given in the first
quarterly report, it will be recalled that the two major requirements are a
means of producing a plasma at low gas pressures and a means of accelerating
the positive gas ions toward the dielectric target. A schematic diagram of

the equipment 1s shown in Figure 1.



The elements for sputtering are contained in an 18 i 30 inch bell jar
where the gas pressure is maintained at about 10_3 Torr. A field applied
between the thermionically emitting cathode and the cold anode produces a
plasma column. This is constricted by the magnetic field to a current dens-
ity of about 0.1 amps/cmz. The r - f generator is connected to the target and
cathode. The plasma colum is essentially field free, since the potential dif-
ference between anode and cathode during operation is only 75 volts. The r - f
generator is then coupled to the target through the plasma column. On the half
cycle with the target negative with respect to the cathode, positive gas ions
accelerate toward the target, sputtering material when they strike. Since the
target is an insulator, a positive charge builds up on the target surface, re-
ducing the accelerating field. On the positive half cycle, electrons from the
plasma discharge the target, and charge is somewhat negatively. Thus, it is
clear that the impedance seen by the r - f generator is non-linear due to the
charging of the insulator and also non-symmetrical due to the different mo-
bilities of the positive gas ions and electrons in the plasma. This makes the
impedance matching of the generator to its load extremely difficult to analyze
and necessitates a certain amount of trial and adjustment. Most of the diffi-
culties with the system were centered about this area and considerable effort
was spent in working out the coupling network. Our experiments have led to a
tapped 1 network shown in Figure 2 which is relatively flexible and easily ad-
Justed.

DEPOSITION PARAMETERS

Film deposition rate is a formation of the rate of material sputtering,
gas pressure, and source - substrate geometry. The rate at which materilal is
removed from the target depends on the current and energies of the bombarding
gas ions, (electrons produce a negligible contribution). The yield of sput-

tered atoms per incident ion is linear with energy above a threshold energy



which is typically 100 ev. Consequently, for target potentials larger than
100 volts, the sputtering rate is proportional to the power dissipated at
the target.

The sputtered atoms are scattered by the gas in the bell jar; this is

expressed analytically as

gl ]

N(x) = No, €

= number of particles at a distance x from the source

N
No= number of particles leaving the surface of the source

X = distance from the source
L = mean free path of the particle in the gas
L =5 cm at 3 pressure of 1073 Torr

Assuming a scattered particle does not deposit on the substrate, this says
that at a spacing of 5 cm between the substrate and target, about 37% of the
sputtered particles reach the substrate with a bell jar pressure of 103 Torr.
At 5 x 10_h Torr, 61% reaches the substrate. Consequently, it is necessary to
operate at low pressures to achieve high deposition rates. This 1s one of the
functions of the magnetic field in that it causes the electrons to describe hel-
ical paths as they move toward the anode, increasing the probability of a colli-
sion with a gas atom. This allows the gas pressure to be decreased. The spac-
ing of 6 ¢m and a pressure of 5 x 10“2‘L Torr has been found to be satisfactory.

Finally, the target-substrate geometry affects the overall collection of
the sputtered material and the variation of deposited film thickness. The sput-
tered material leaves the target describing the Lambert cosine law distribution.
Thus the fraction of the total sputtered material which is deposited is equal
to the solid angle which the substrate subtends at the target. This immediately

implies that the deposited film will be uniform in thickness only for special



geometries. For a 7 cm x 7 cm square, (with no scattering) this arrangement

is L point sources at the corners of a 7 cm square each 7 cm perpendicular
distance from the substrate. This obviously gives a 25% collection efficiency,
but also produces a thickness variation less than 10%. Compromises can be made
with area sources closer to the substrate and closer together. This geometry has
a further advantage in that the impedance of the target seen by the generator

is increased and the peak target potential increased. This increases the sput-
tering efficiency since more of the average power at the target is dissipated

at voltages above the sputtering threshold.

MEASUREMENTS

1. Sputtering and deposition rate

Sputtering rate has been measured by weighing the target before and after
sputtering. By this method it has been determined that LOO watts are dissipated
over a I} inch diameter glass disc producing a removal rate of about 2 microns
per hour. Over the surface of a 7 cm square cell, 6 cm from the disc, the aver-
age deposition rate was about 0.3 to O.L microns per hour. A variation of about
50% in film thickness was found over the substrate surface. The target geometry
of | sources will improve both these figures.

2. Reflectance

As noted in the first quarterly report, the optical property of interest
is the total infrared reflectance. The surface of the CdS cell is quite diffuse
and so a considerable portion of the reflected light is scattered. The equip-
ment avallable measures specular reflectance, therefore measurements must be
compensated to find the total reflectance. To accomplish this, the sample to
be megsured is divided into four sections. The first quarter is untreated,
the second is coated with an opagque layer of aluminum, the third quarter is

coated with glass only, while the fourth quarter is coated with both the layer



of glass and the opaque layer of aluminum. Assuming the aluminum to be
totally reflecting, we can compare the specular reflectances from these
surfaces to find the total reflectance of the glass surface. Figure 3
shows the specular reflectance of a typical cell coated as above. The
interference pattern of the CdS on molybdenum is seen along with the evi-
dence for Rayleigh scattering. The CdS film thickness can be calculated

from the relation.

Thickness =

N, 1
2(u‘-sin‘I)2(V1 - Vo)

N

number of maxima between v1 and Vo

u = refractive index

I = incidence angle = 13°

vy and v, = wave numbers of extreme maxima in cm_l
Thickness = 21

2(2.52 - .227)2(2000-600)

30 microns

Figure L is the reflectance spectrum of the CdS cell with an opaque alum-
inum overlay. This curve demonstrates that Rayleigh scattering is very impor-
tant and that the average particle size of the surface being coated is of the
order of 10 microns. The particles have a distribution of sizes since the re-
flectance does not follow the'1/'h'dependence, but is a more slowly varying
function. Figure 5 is the reflectance spectrum for the portion of the cell
coated first with L.3 microns of glass and then an opagque layer of aluminum.
The character of the su;face is essentially unchanged by the layer of glass,
except that it is slightly more diffusely reflecting. Figure 6 is the reflec-
tance spectrum of the cell coated with L.3 microns of glass. First, the inter-
ference pattern due to the CdS film is again in evidence. Since the amplitude of

the variation in the interference pattern decreases toward shorter wavelengths,



Rayleigh scattering is also present. More important, however, is the lack
of the interference pattern in the ranges from 7 to 11 microns and 17 to 30
microns. This indicates the absorption bands of the glass layer are reducing
the reflectance of the surface and also are absorbing the light before it can
be reflected from the CdS and molybdenum. This is exactly the behavior re-
quired. The next step is to deposit a layer about 10 microns thick to deter-
mine whether the absorption bands will widen or further reduce the reflectance.
Samples described above have been forwarded to the NASA, Lewis Research Center.

Figures 7, 8, and 9 show the characteristics of thinner glass coatings on
the cell. Figure 7 shows the reflectance of the coated cell with the aluminum
overlay. Figure 8 is the reflectance spectrum of the bare CdS cell, showing
the interference pattern of the 30 microns thick CdS + barrier film. Compar--
ing Figures 7 and 8, it is seen that the maxima of the interference pattern cor-
respond to total reflection of the incident beam and that the minima are greater
than zero. This implies that the molybdenum is totally reflecting, the front
surface of the cell is approximately 30% reflecting and the cell is transparent
to this region of the infrared. Figure 9 is the reflectance spectrum of the
cell coated with about 1 micron of glass. Clearly the reflectance is reduced and the
absorption bands in the 10 micron region are beginning to appear. However,
the glass is too thin to give the desired reduction in reflectance.

3. Film Stress

It has been observed that the glass films deposited on the CdS thin film
cell are under stress. This stress is sometimes high enough to cause peeling
in the thicker films. Workers in this field have found the stress to be rela-
ted to the composition of the ambient gas used in sputtering. The addition of
oxygen reduces the stress, and has been reported to cause a reversal in sign
as the oxygen concentration increases. Experiments are being conducted with

oxygen being added to the sputtering gas to improve film adhesion.



WORK PLANNED FOR NEXT QUARTER

Thicker coatings (10 microns) will be deposited to extend the reflec-
tance data.

Oxygen will be added to the sputtering gas to reduce film stresses.

Humidity testing of cells with coatings will be started.

Four source geometry will be used to improve film thickness uniformity.

Representative samples will be forwarded periodically.

Preliminary experiments involving additional coating materials will be

initiated.
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